Polypropylene glycol (PPG)-assimilating Sphingobium sp. strain PW-1 was grown on 0.5% PPG 700. PPG and its metabolites were analyzed by MALDI-TOF mass spectrometry. An oxidized form of a terminal alcohol group appeared with each molecular species as a metabolite. Cell-free extract showed PPG dehydrogenase activity. In this way, the oxidative metabolic pathway for PPG was confirmed.
Polypropylene glycols (PPGs) (HO[CH(CH 3 )-CH 2 O] n H) have a straight or branched chain structure (diol and triol types respectively). PPGs of all molecular weights are viscous liquids, and are generally waterinsoluble (approximately over 1,000 daltons, Da) due to their chemical structure, possessing pendant methyl groups on their polymer chains. Since PEG is completely water-soluble from oligomers to high molecular weights, such as several million Da, PEG and PPG are synthesized as a block polymer which is used as a surfactant. 1) PPGs are widely used in the manufacture of polyurethanes, surfactants, cosmetics, and pharmaceuticals. [2] [3] [4] The production of these compounds is still increasing, and hence their outflow to the environment is also increasing.
Until now, only limited information concerning the biodegradation of PPGs has been published. Biodegradation of PPG was first reported by a PPG-utilizing bacterium.
5) The first-step enzyme involved in the degradation of PPG was purified and characterized as PPG dehydrogenase (PPG-DH). It contained pyrroloquinoline quinone as a cofactor.
3) In a previous study, 6) we isolated several bacteria, including strain PW-1, used in this study, that were able to grow on polyalkylene glycols composed of ethylene glycol and propylene glycol. Although PPGs are non-toxic, their degradation is considered slow and leads to unknown products.
7)
The metabolic products produced by intact cells have been studied using dipropylene glycol as a model compound, 2) but no report on the metabolic products of PPG has been noted by us. Here we describe the degradation of PPG 700 by strain PW-1, and identify degradation products by MALDI-TOF mass spectroscopy (MALDI-TOF MS).
PPG (diol type; Wako Pure Chemical, Osaka, Japan) and PEG (Nacalai Tesque, Kyoto, Japan) were used as carbon sources and substrates for the enzyme activities of cell-free extracts. Acetonitrile and trifluoracetic acid (high performance liquid chromatography, HPLC, grade) were purchased from Nacalai Tesque. The other reagents were commercial products of the highest grade available. Strain PW-1 6) (AB255386) was used throughout the study. The strain was renamed Sphingobium sp. from previous Sphingomonas sp., based on 16S rDNA obtained in our previous work and the BLAST program (http://blast.genome.jp/). 8) Strain PW-1 was grown on PPG medium 9) using 0.5% PPG700 as a sole carbon source. The strain was cultivated in 3-liter Erlenmeyer flasks containing 500 ml of PPG 700 medium or nutrient broth at 28 C on a 100-rpm reciprocal shaker in the dark. Growth was assessed by turbidity, which was measured by absorbance at 610 nm with a UV-1600 spectrophotometer (Shimadzu, Kyoto, Japan). The cells were removed by centrifugation at 5;000 Â g for 20 min at 5 C. The resulting supernatant was analyzed by HPLC and MALDI-TOF MS. The periplasmic fraction and cell-free extract were prepared from the collected cells, as described previously, 10) and subjected to HPLC and enzyme assay. Cell-free extracts were further centrifuged at 100;000 Â g for 2 h. The pellet obtained was used as the membrane fraction, and the supernatant as the cytoplasmic fraction. HPLC were performed y To whom correspondence should be addressed. Fax: +81-86-434-1225; E-mail: fkawai@rib.okayama-u.ac.jp Biosci. Biotechnol. Biochem., 72 (4), [1115] [1116] [1117] [1118] 2008 Note with a Tosoh (Tokyo) Liquid Chromatograph 8020 equipped with an RI detector; column, Tosoh TSK GEL G3000PW; eluent, 0.3 M NaNO 3 ; temperature, room temperature (23-24 C); elution, 1.0 ml min À1 . MALDI-TOF MS was performed using an Ultraflex MALDI-TOF mass spectrometer (Bruker Daltonics, Bremen, Germany). The N 2 laser was used at 50 Hz. Analytical samples were prepared by the dried-droplet method: 2,5-Dihydroxybenzoic acid was dissolved to a concentration of 10 mg ml À1 in TA solution (acetonitrile: 0.1% trifluoracetic acid = 1:2, v/v), which was used as a matrix solution. One ml of 0.1% NaCl solution was placed on the AnchorChip target (Bruker Daltronics) to make a domed water droplet. The matrix solution and sample were mixed in a 200-ml Eppendorf tube at a 1:1 ratio, and 1 ml of this mixture was injected into the salt solution droplet and air-dried at room temperature. Calibration was done by the Peptide Calibration Standard, molecular mass 1 to 4 kDa (Bruker Daltonics). All samples were analyzed in reflector mode to obtain spectra. PPG dehydrogenase (PPG-DH) activity was assayed at 30 C by measuring the initial reduction rate of 3-(4,5-dimethylthiazolyl-2-)-2,5-diphenyl tetrazolium bromide (MTT; molar extinction value = 6,410 M À1 cm À1 ) at 570 nm coupled with phenazine methosulfate (PMS). The reaction mixture for PPG-DH activity consisted of 0.1 M Tris-HCl buffer (pH 8.0), 1 mM KCN, 0.1 mM MTT, 0.1 mM PMS, 20 mM PPG 700, 100 ml cell-free extract, and Milli Q water in a total volume of 1 ml. The protein concentration was measured by absorbance at 750 nm with a Bio-Rad Protein Assay kit with bovine serum albumin as the standard.
When strain PW-1 was cultivated in 0.5% PPG medium, its growth reached a maximum in 4 d, as shown in Fig. 1A . The PPG 700 degradation rate in the culture supernatant reached above 90% within one week. The top-peak molecular weights of PPG 700 in the culture supernatant gradually shifted to higher molecular weights, suggesting that lower molecular weights are consumed faster (Fig. 1B) . No detectable peak was found in the periplasmic fraction. Molecular species included in PPG 700 and their metabolites in the culture supernatant were analyzed by MALDI-TOF MS. PPG 700 dissolved in fresh MilliQ water included molecular weights ranging from 505 to 1,143 Da. Each molecular species corresponded to HO[CH(CH 3 )-CH 2 O] n HNa þ , where n was estimated to be [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , and the molecular weight of the top peak was 737 Da (n ¼ 12), as shown in Fig. 2A . On day 2, metabolic product peaks appeared, and their molecular weights increased by 16 more than those of the PPGs. The chemical structures of the metabolites were assumed to be the hydrated keto forms (ketal forms) of terminal secondary alcohol groups in PPG [(HO) 2 
, as shown in Fig. 2B , possibly due to the analytical conditions, using the acidic matrix solution. On day 4, the ratio of the metabolites to PPG increased, and the top peak shifted to 853 Da (n ¼ 14), as shown in Fig. 2C . On day 7, the metabolite peak was higher than the original PPG peak, and the top peak was 811 Da, corresponding to an oxidized form of PPG (n ¼ 13) (Fig. 2D) . During cultivation, no other significant peak was detected.
The strain grew on PPG (700-2,000) and PEG 1,000.
6) Cell-free extracts prepared from cells grown on PPG 700 dehydrogenated PPG 400-2,000 linked with a reduction in MTT, but did not dehydrogenate PEG 400-2,000 and propylene glycol (less than 5 mU/mg protein). The highest activity was found on PPG 700 and 1,000 (approximately 140 mU/mg protein). No or negligible activity on PEG is different from the PPG-DH from Stenotrophomonas maltophilia which had appreciable activity on PEG. 3, 9) PPG-DH appeared to catalyze preferential oxidation of secondary alcohol groups. PPG-DH activity was found in the membrane (approximately 20%) and the periplasm (approximately 80%). The MALDI-TOF MS spectrum of PPG 700 (A) was compared with those of culture supernatants of strain PW-1 grown on PPG 700 at day 2 (B), day 4 (C), and day 7 (D). Open arrows show top peaks. One and two asterisks indicate the top peak in PPG 700 and its metabolite respectively.
Absence of enzyme activities in the cytoplasm differed from our previous result. 9) This might have been due to the growth phase or characteristics of this strain. When the strain is grown on PEG, PEG-DH activity should be probably induced, suggesting that oxidation of PPG and PEG is catalyzed by different dehydrogenases specific to PPG and PEG respectively. These results were in accordance with previous results, 2, 4) that oxidation of alcohol groups is the primary step in biodegradation of dipropylene glycol and PPG. The metabolic pathway (Fig. 3) is basically the same as that of PEG 1) in that oxidation of terminal alcohol groups led to depolymerization, although PPG-DH preferentially oxidized the secondary alcohol groups. By comparison of the metabolism of PPG with that of PEG, 2-ketopropionaldehyde is perhaps a product of oxidized PPG by ether cleavage, which is readily oxidized to pyruvic acid (a carbon source for growth) and metabolized in tricarboxylic acid cycle (TCA cycle).
